Monolayer hydrodynamics are usually described in terms of a Newtonian constitutive relationship. However, this macroscopic view fails to account for small-scale coexisting phase domains, which are generally present in the monolayer and appear to have profound macroscopic effects. Here, we provide direct evidence of these effects, consisting of Brewster angle microscopy images of the monolayer, space-and time-resolved interfacial velocity measurements, and comparisons with predictions based on the Navier-Stokes equations together with the classic model for a Newtonian interface. . In many circumstances, the transport of mass, momentum, and energy can be strongly influenced by the viscoelastic nature of the monolayer-covered interface [4] . This is because only a minuscule amount of surfactant is needed to produce considerable changes in the interfacial properties of aqueous systems. The defining tendency of surfactant molecules is to collect in a monomolecular layer at the gas/liquid interface where they reduce the surface tension. Consequently, surfactants make the interface elastic due to the general decrease in surface tension with increasing surface concentration of the surfactant. In addition, surfactants can impart intrinsic interfacial viscosities representing viscous resistence to shearing and to compression/expansion of the monolayer.
Surfactant monolayers on the air/water interface are ubiquitous not only in nature [1] and technology [2] , but practically every laboratory experiment with a free surface is influenced, if not dominated, by surfactants [3] . In many circumstances, the transport of mass, momentum, and energy can be strongly influenced by the viscoelastic nature of the monolayer-covered interface [4] . This is because only a minuscule amount of surfactant is needed to produce considerable changes in the interfacial properties of aqueous systems. The defining tendency of surfactant molecules is to collect in a monomolecular layer at the gas/liquid interface where they reduce the surface tension. Consequently, surfactants make the interface elastic due to the general decrease in surface tension with increasing surface concentration of the surfactant. In addition, surfactants can impart intrinsic interfacial viscosities representing viscous resistence to shearing and to compression/expansion of the monolayer.
The coupling between a surfactant monolayer on a fluid interface and bulk flow has traditionally been modeled using the Boussinesq-Scriven constitutive relation for a Newtonian interface [5] , where the surface stress tensor is a linear function of the surface rate-of-deformation tensor 2D:
͑1͒ u s is the surface velocity, div is the surface divergence operator, and ١ is the surface gradient operator. The three intrinsic interfacial properties, namely (i) thermodynamic (equilibrium) surface tension , (ii) surface shear viscosity s , and (iii) surface dilatational viscosity s , are treated as functions of a single state variable: monolayer (surface) concentration c. This model is based on the premise that interfacial stress is due to gradients in the thermodynamic (equilibrium) surface tension and that any departures from equilibrium are due to dissipative effects associated with the intrinsic interfacial viscosities. The assumption that departures from thermodynamic surface tension must be dissipative is based on the two-dimensional analog of a single phase fluid and in general may not be applicable to monolayers with coexisting phases.
In contrast to three-dimensional systems in which at a given temperature, saturated liquid and vapor phases coexist only at one pressure, coexistence of different phases in monolayers is common over a wide range of states. Originally inferred from the functional form of the measured equation of state ͑c͒, monolayer phase coexistence has recently been observed directly using microscopic techniques, such as fluorescence microscopy [6] and Brewster angle microscopy (BAM) [7] . In three dimensions, the (shear) viscosity of the two phases is not the same (in the case of water, they differ by two orders of magnitude), and likewise the viscoelastic properties of the interface are not expected to be uniform for a monolayer composed of coexisting phases [8] .
Surface tension is well defined in a continuum (macroscopic) sense even when there is coexistence of phases. Being an equilibrium quantity, it is commonly measured quasistatically using a Langmuir trough, and is used successfully in static equilibrium problems, such as predicting the shapes of static menisci and bubbles. Shear viscosity has also been consistently measured by a variety of techniques, all of them implemented at steady state [9, 10] , and the effects due to coexisting phases are possibly manifested in the long times to reach equilibrium [11] . The situation with dilatational viscosity s is much more complicated; its measurement using techniques with different time scales for the surface strain varies by as much as a factor of 10 5 for a given surfactant [12] . In a compressing or dilating interfacial flow, the time scale for the flow process is usually different from the time scales associated with morphology among the coexisting monolayer phases. Thus, resistance to compression or dilation as predicted using equilibrium surface tension gradients may not be reconciled with the resultant stress. In fact, several different groups [13] have reported measurements of apparent negative surface dilatational viscosity (negative viscosity is physically inconsistent as it violates the second law of thermodynamics) and some have conjectured this anomaly to be due to monolayer phase behavior [14] , but it remains a hotly debated issue [15] . In this paper, we provide the first direct evidence supporting this conjecture, consisting of Brewster angle microscopy images of the monolayer along with space-and time-resolved interfacial velocity measure-ments and compared to predictions based on the NavierStokes equations with the classic Newtonian interfacial model.
For this study, well-behaved insoluble (Langmuir) monolayers on water have been used. They are well-behaved in the sense that measurements of ͑c͒ during quasistatic compression in a Langmuir trough give essentially identical results to measurements during expansion over a wide range of initial and final concentration. An example of such a monolayer is vitamin K 1 [16] . The measured equation of state for vitamin K 1 is shown in Fig. 1 . Predictions of velocity (both on the interface and in the bulk) using the BoussinesqScriven surface model for this monolayer coupled to NavierStokes equations agree with measurements in steady flows with inertia over a wide range of monolayer concentrations and flow conditions [10, 17] . Nevertheless, microscopic images of the interface reveal that this monolayer has rich structure consisting of coexisting phase domains (observable in the 1 -1000 m range) over a wide range of concentration, as shown in Fig. 2 [18] . Figure 2(a) shows that even at this low concentration ͑c = 0.24 mg/ m 2 ͒, where the surface tension is essentially indistinguishable from that of pure water, coexisting phase domains are clearly visible. These consist of liquid condensed regions with a bright appearance and liquid expanded regions with a relatively dark appearance. The oval-shaped expanded domains seen along the right side of the photograph in Fig. 2(b) are in fact circular and their foreshortening is due to the oblique viewing of the surface at the Brewster angle (53°for the air/water interface). The portion of the area covered by the condensed phase increases monotonically with surface concentration up to a concentration of about 1.5 mg/ m 2 , above which an essentially uniform coverage by the condensed phase is apparent [ Fig. 2(f) ].
To study the dynamics of monolayer compression and dilation, we have utilized a new surface dilatational viscometer [19] , which uses a periodically driven bulk flow in a cavity to compress/dilate the monolayer. By avoiding the use of barrier-driven monolayer compression/dilation (longitudinal wave surface dilatational viscometer [20] ), this flow-driven system permits the monolayer to be compressed and dilated at larger amplitudes and frequencies, and yet still avoids complicated surface deformation problems. This allows quantification of the monolayer response to a wide range of spatial and temporal gradients and enhances the effects of dilatational viscosity relative to Marangoni stress [19] .
The oscillatory driven cavity consists of a rectangular channel ͑x , y , z͒ ͓−1,1͔ ϫ ͓0,1͔ ϫ ͓−⌳ /2,⌳ /2͔, where the vertical depth h has been used as the length scale. The walls at x = ± 1 and at z = ±⌳ / 2 are stationary, the free surface at y = 1 is covered by an initially uniform monolayer, and the bottom at y = 0 oscillates harmonically in its own plane with x velocity given by Re sin͑2Stt͒, where Reynolds number Re= Uh / and Stokes number St= h 2 / ( is the kinematic viscosity of water, 2 / is the period of the floor oscillation, and U is its maximum speed). In the experiments, h =1 cm and ⌳ Ϸ 19. We have shown [21] that over the range of Re and St considered, the flow remains essentially invariant in z, and so all the computations are two-dimensional in ͑x , y͒ with velocity ͑u , v͒.
The governing equations are the two-dimensional NavierStokes equations; in stream-function-vorticity form, where ͑u , v͒ = ͑ y ,− x ͒ and =− xx − yy , these are t + y x − x y = xx + yy .
͑2͒
We take the interface as flat and the contact angle at the air/water/solid contact line as 90° [22] . The tangential stress balance, from Eq. ͑x,1,t͒ = − u y ͑x,1,t͒ = − C a
where C a = / h 0 is the capillary number, 0 = ͑0͒, u s ͑x , t͒ = u͑x ,1,t͒, and the Boussinesq number B = ͑ s + s ͒ / h is treated as constant since its functional dependence on c is not known a priori ( is the bulk liquid viscosity). The equation of state, ͑c͒, is measured for the monolayer in question (e.g., see Fig. 1 for vitamin K 1 ) . The vorticity at the interface depends on c, whose distribution is governed by
where P e = / D s is the surface Peclet number and D s is the diffusivity of the monolayer.
The numerical solution of Eqs. (2) and (4) follows that used in [19] . Specifically, a second-order centered finitedifference scheme was used with n x = 401 and n y = 201 grid points, together with a second-order predictor-corrector scheme for time evolution. The time step, ␦t, is governed predominantly by B; ␦t =10 −7 for B = 0 and ␦t =10 −9 for B = 100.
The computed maximum value of x velocity at the midpoint of the interface, u m s , during each period is plotted in Fig. 3 as a function of monolayer initial (uniform) concentration, c 0 , for a range of B. As expected, the response of the monolayers is strongly dependent on their nonlinear equations of state. Data for two different Langmuir monolayers are presented: vitamin K 1 and stearic acid. For both, increased B generally results in decreased u m s , as expected. However, over the range of concentration where the equation of state is steepest (between 0.9 and 1.5 mg/ m 2 for vitamin K 1 monolayers), Marangoni stress dominates over surface viscosity effects. Similar behavior was found in earlier computations [19] for this monolayer, but for a set of very different flow conditions ͑Re= 100, St= 16͒.
Measured u m s , obtained via boundary-fitted digital particle image velocimetry (DPIV) [23] , is also shown for each c 0 in Fig. 3 . The sum of the surface viscosities B͑c͒ can thus be deduced: the point where the measured u m s ͑c͒ intersects with the computed u m s ͑c͒ for a given B determines the value of B for the corresponding value of c. Figure 3 shows that B is zero, as expected, for a clean surface (no monolayer). At large monolayer concentrations, B becomes large. Figure  3(a) shows that for vitamin K 1 , at the largest concentration tested ͑c 0 = 2.2 mg/ m 2 ͒, B is about 100. However, the most striking feature of Fig. 3 is the large range of c for which the measured u m s is larger than the computed u m s for any nonnegative value of B, leading to anomalous negative values of B, and hence to negative values of s [24] . The range of c over which the effective B is negative matches that for which the vitamin K 1 monolayer consists of coexisting phase domains. The same is true for the stearic acid monolayer, which exhibits negative effective B for c less than about 1.3 mg/ m 2 . BAM images for stearic acid monolayers at four different concentrations are shown in Fig.  4 . From Fig. 4 , the upper range of monolayer concentration for which coexisting phase domains are visible is between 1.2 and 1.5 mg/ m 2 , consistent with the range of c over which apparent negative B was observed for stearic acid monolayers.
The anomalous behavior was not peculiar to this set of flow conditions (Re= 498 and St= 53). Comparisons between measurements and computations show the same range of c for which effective B is negative with the channel driven at a different amplitude ͑Re= 747͒ as well as a different frequency ͑St= 27͒, for both vitamin K 1 and stearic acid. Furthermore, experiments in which the surface flow was measured using a very different technique also showed the same range of c for which effective B is negative for both vitamin K 1 and stearic acid [25] . Thus, the anomalous behavior does not seem to be a relic of the experiment.
The only approximation in the formulation is the use of constant B for each c 0 . This too appears not to be the culprit, for the simple reason that the range of c 0 for which the greatest anomaly is observed (e.g, 1.0Ͻ c Ͻ 1.3 for vitamin K 1 ) falls in the region of the equation of state where the Marangoni stress is large and hence spatial gradients of c are In closing, we have shown that the classic Newtonian surface model may be inadequate in describing the response of a monolayer-covered interface undergoing dilation or compression for a wide range of monolayer states that consist of coexisting phase domains. For these states, their respective responses to viscous stresses as well as morphological transitions from one phase to another need to be accounted for when the interfacial hydrodynamics drives the system away from equilibrium.
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diameter of 100 m, Aldrich 46811-8) on the surface and measuring their range of motion in the x direction. This approach is fundamentally different from the DPIV technique; in DPIV, the seeding particles are fully wetted and generally not in contact with the monolayer, but here the particles are essentially nonwetting and in intimate contact with the monolayer. Additional details on the tracer-particle technique are in M. J. Vogel, Ph.D. thesis, Rensselaer Polytechnic Institute (2002).
